The activities of ampicillin-sulbactam and amoxicillin-clavulanate were studied with 100 selected clinical Escherichia coli isolates with different ␤-lactam susceptibility phenotypes by standard agar dilution and disk diffusion techniques and with a commercial microdilution system (PASCO). A fixed ratio (2:1) and a fixed concentration (clavulanate, 2 and 4 g/ml; sulbactam, 8 g/ml) were used in the agar dilution technique. The resistance frequencies for amoxicillin-clavulanate with different techniques were as follows: fixed ratio agar dilution, 12%; fixed concentration 4-g/ml agar dilution, 17%; fixed ratio microdilution, 9%; and disk diffusion, 9%. Marked discrepancies were found when these results were compared with those obtained with ampicillinsulbactam (26 to 52% resistance), showing that susceptibility to amoxicillin-clavulanic acid cannot be predicted by testing the isolate against ampicillin-sulbactam. Interestingly, the discrimination between susceptible and intermediate isolates was better achieved with 4 g of clavulanate per ml than with the fixed ratio. In contrast, amoxicillin susceptibility was not sufficiently restored when 2 g of clavulanate per ml was used, particularly in moderate (mean ␤-lactamase activity, 50.8 mU/mg of protein) and high-level (215 mU/mg) TEM-1 ␤-lactamase producer isolates. Four micrograms of clavulanate per milliliter could be a reasonable alternative to the 2:1 fixed ratio, because most high-level ␤-lactamase-hyperproducing isolates would be categorized as nonsusceptible, and low-and moderate-level ␤-lactamase-producing isolates would be categorized as nonresistant. This approach cannot be applied to sulbactam, either with the fixed 2:1 ratio or with the 8-g/ml fixed concentration, because many low-level ␤-lactamase-producing isolates would be classified in the resistant category. These findings call for a review of breakpoints for ␤-lactam-␤-lactamase inhibitor combinations.
Resistance to ␤-lactam-␤-lactamase inhibitor combinations in Escherichia coli isolates has been widely reported to be mainly due to TEM-1 ␤-lactamase hyperproduction, usually encoded by small multicopy plasmids (14, 31, 38) . Moreover, susceptibility to these combinations in this organism is also affected by modified outer membrane permeability (24) , inhibitor-resistant TEM (IRT) and OXA-type plasmid-mediated enzyme production (3, 10, 31, 40) , and/or chromosomal AmpC ␤-lactamase hyperproduction (13, 35) . It is also known that not all ␤-lactam-␤-lactamase inhibitor combinations are equally affected by these mechanisms (1, 3, 10, 24) .
A high variability in resistance frequencies to ␤-lactam-␤-lactam inhibitor combinations has been reported, depending not only on the inhibitor but also on the susceptibility testing method and inoculum size used (1, 20, 24, 36) . On the other hand, ␤-lactamase inhibitor stability may also decline during storage in microdilution panels used by automatic susceptibility testing systems, thus resulting in false resistance (34) . In addition, there are significant differences in breakpoint categorization between different committees (2, 4, 15) , and the use of a fixed inhibitor concentration or a fixed ␤-lactam/inhibitor concentration ratio is still the subject of debate (6, 33) .
We introduced a commercial microdilution panel in our clinical laboratory for routine antimicrobial susceptibility testing. This panel contains ampicillin-sulbactam as the only ␤-lactam-␤-lactamase inhibitor combination. Initially, the ampicillin-sulbactam susceptibility result was tentatively used as a predictor for susceptibility to other aminopenicillin-␤-lactamase inhibitor combinations (mainly amoxicillin-clavulanate). During the first 2 months this system was used, more than 90% of E. coli ampicillin-resistant isolates were also apparently resistant to ampicillin-sulbactam. Because ampicillin-sulbactam resistance frequencies were higher than those previously published for amoxicillin-clavulanate (20, 25, 30, 31) , we decided to compare them with those obtained for the amoxicillin-clavulanate combination by using a commercial microdilution panel from the same manufacturer with a selected collection of E. coli clinical isolates. Results from conventional disk diffusion and agar dilution methods performed at the fixed ␤-lactam-␤-lactamase inhibitor ratio of 2:1 and at fixed concentrations of sulbactam of 8 g/ml and clavulanic acid of 2 and 4 g/ml were also compared.
(Part of this work was presented at the 38th Interscience Conference on Antimicrobial Agents and Chemotherapy, San Diego, Calif, 24 to 27 September 1998 [19] .)
MATERIALS AND METHODS
Bacterial isolates. A total of 100 E. coli clinical isolates, each from a separate patient and each with a different ampicillin-sulbactam susceptibility MIC by the microdilution PASCO susceptibility testing system (Difco, Detroit, Mich.), were collected during late 1997. Sixty-two ampicillin-and ampicillin-sulbactam-resistant (Ͼ16 and Ͼ16/8 g/ml, respectively) E. coli clinical isolates were selected. In addition, 17 ampicillin-resistant, ampicillin-sulbactam-intermediate (16 and Ͼ16/8 g/ml, respectively) and 5 ampicillin-resistant, ampicillin-sulbactam-susceptible isolates (Ͼ16 and Յ4/2 g/ml, respectively) were included as representatives of the scarce population for which these MICs were applicable. No ampicillin-resistant isolates were found for which the ampicillin-sulbactam MICs were Յ4/2 g/ml. Finally, the collection was completed with 16 ampicillinsusceptible isolates (ampicillin-sulbactam, Յ4/2 g/ml) for comparative pur-poses. After susceptibility testing by agar dilution, PASCO microdilution, and disk diffusion for ampicillin-sulbactam, amoxicillin-clavulanate, and other antibiotics, the strains were grouped into six different phenotypes. The identification to the species level of the E. coli isolates was also performed with the microdilution PASCO system. Susceptibility testing and antibiotics. Susceptibility profiles obtained by the standard disk diffusion (16) and agar dilution (15) techniques and with the microdilution PASCO system were used to define different ␤-lactam phenotypes. For this purpose, ampicillin, amoxicillin, amoxicillin-clavulanate, cefazolin, ticarcillin, piperacillin-tazobactam, cefuroxime, cefoxitin, cefotaxime, ceftazidime, cefepime, ampicillin-sulbactam, aztreonam, imipenem, and meropenem inhibition zones and/or MICs were used. MICs of amoxicillin-clavulanate and ampicillin-sulbactam were obtained at the fixed ratio of 2:1 both with the PASCO system and by the agar dilution method. Moreover, a fixed inhibitor concentration was also used in the agar dilution method (amoxicillin-clavulanate, 2 and 4 g/ml, respectively; and ampicillin-sulbactam, 8 g/ml).
Antimicrobial agents for agar dilution susceptibility testing were provided by SmithKline Beecham Pharmaceuticals, Madrid, Spain (ampicillin, amoxicillin, and clavulanate) and Pfizer S. A., Madrid, Spain (sulbactam).
Phenotype definition. E. coli isolates were classified into six different phenotypes according to the following criteria (i) S phenotype isolates were susceptible to all ␤-lactams tested. (ii) TL phenotype isolates were resistant to aminopenicillins and ticarcillin, susceptible to amoxicillin-clavulanate, and susceptible or intermediate to ampicillin-sulbactam (may correspond to the low-level production of TEM-1 ␤-lactamase). (iii) TI phenotype isolates were resistant to aminopenicillins and ticarcillin, susceptible to amoxicillin-clavulanate, and resistant to ampicillin-sulbactam (may correspond to intermediate-level production of TEM-1 ␤-lactamase). (iv) TH-IRT phenotype isolates were resistant to aminopenicillins and ticarcillin, intermediate or resistant to amoxicillin-clavulanate, and resistant to ampicillin-sulbactam (may correspond to high-level production of TEM-1 ␤-lactamase or the presence of IRT enzymes). (v) ES␤L phenotype isolates were resistant to aminopenicillins, ticarcillin, and cefazolin and gave a positive result in the double disk diffusion test (8) (and therefore were expected to produce an extended-spectrum ␤-lactamase). (vi) CP phenotype isolates were resistant to aminopenicillins, ␤-lactam-␤-lactamase inhibitor combinations, narrow-spectrum cephalosporins, and cephamycins (may correspond to high-level production of chromosomal cephalosporinase and/or TEM-1 ␤-lactamase in permeability-modified isolates).
Susceptible, intermediate, and resistant categories in ␤-lactam-␤-lactamase inhibitor combinations were established according to the results obtained by the three different techniques (agar dilution fixed ratio, microdilution, and disk diffusion). Nevertheless, because discrepancies may exist between them (21), the possibility of a one-step discrepancy with one of these three techniques was allowed for.
Breakpoints. The breakpoints defined by the National Committee for Clinical Laboratory Standards (NCCLS) (15, 16) were used with the results obtained by disk diffusion and with the dilution used in the fixed ratio techniques. In addition, susceptibility criteria recommended by Mesa Española de Normalización de la Sensibilidad y Resistencia a los Antimicrobianos (MENSURA) (2) were used with results for amoxicillin-clavulanate and ampicillin-sulbactam obtained at the fixed inhibitor concentrations of 2 and 8 g/ml, respectively. The concentrations Յ4/4 g/ml and Ͼ16/4 g/ml were taken as susceptibility and resistance criteria, respectively, for amoxicillin-clavulanate at the fixed inhibitor concentration of 4 g/ml.
Isoelectric focusing and ␤-lactamase detection. Analytical isoelectric focusing was performed by applying crude sonic extract to Phast gels (pH gradients of 3 to 9 and 4 to 6.5) in a Phast system (Pharmacia AB, Uppsala, Sweden) (7). ␤-Lactamases with known pIs were focused in parallel with the extracts, by using nitrocefin (Oxoid, Ltd., Basingstoke, Hampshire, England) for detection. Specific ␤-lactamase activity was determined by measuring the decrease in A 482 for 50 M nitrocefin in crude sonic extracts. Enzyme activity was standardized against the total protein concentration in the enzyme preparation, as estimated by Lowry et al. (12) . One unit of enzymatic activity was defined as the amount of enzyme that hydrolyzes 1 mol of nitrocefin in 1 min at 25°C in 0.1 M sodium potasium buffer (pH 7.2).
RESULTS
According to the criteria established above, the 100 E. coli isolates were classified as susceptible, intermediate, or resistant to ␤-lactam-␤-lactamase inhibitor combinations. Results for amoxicillin-clavulanate and ampicillin-sulbactam by disk diffusion, commercial broth microdilution, and agar dilution techniques are shown in Table 1 . Isolates investigated by commercial microdilution, agar dilution (fixed ratio and 4-g/ml clavulanate fixed concentration), and disk diffusion techniques, in contrast with the initial 62% resistance to ampicillin-sulbactam, showed similar frequencies of resistance (9 to 12%) to amoxicillin-clavulanate. On the other hand, a high rate of resistance to amoxicillin-clavulanate was observed with 2 g of clavulanate per ml (48%) by the agar dilution method. This value was similar to that obtained by the agar dilution method with 8 g of sulbactam per ml (49%). Remarkable discrepancies were observed regarding resistance frequencies for ampicillin-sulbactam by commercial microdilution (62%) and disk diffusion (26%) techniques. In contrast, the discrepancy was lower when results obtained by ampicillin-sulbactam disk diffusion and amoxicillin-clavulanate disk diffusion, commercial broth microdilution, and agar dilution (fixed ratio and 4 g of clavulanate per ml) techniques were compared (Table 1) .
E. coli isolates were grouped by phenotypes according to the criteria stated in Materials and Methods. Phenotypes ES␤L, S, TL, TI, TH-IRT, and CP included 1, 16, 31, 28, 18, and 6 isolates, respectively. Table 2 summarizes the MIC range, MIC at which 50% of the isolates are inhibited (MIC 50 ), MIC 90 , and geometric mean MICs for amoxicillin-clavulanate and ampicillin-sulbactam obtained by dilution methods for each phenotype. Inhibition diameter ranges and inhibition diameter geometric means for the disk diffusion method are also shown in Table 2 . Note that the MIC 50 of amoxicillin-clavulanate for the TL and TI phenotypes by microdilution and agar dilution (2:1 ratio) remained just twofold above the MIC 50 corresponding to the S phenotype, whereas those of ampicillin-sulbactam were four-and eightfold above the MIC 50 for each phenotype, respectively ( Table 2) .
As expected, a poor correlation between amoxicillin-clavulanate and ampicillin-sulbactam MIC distributions was found, the latter being notoriously displaced to the right (Fig. 1) . TL and TI phenotypes tended to be on the susceptible side of the diagram (left), while TH-IRT and CP phenotypes tended to be on the intermediate-resistant side (right). 
␤-Lactamase isoelectric focusing studies were performed with five isolates each of the S, TL, and TI phenotypes and with all isolates corresponding to the TH-IRT, ES␤L, and CP phenotypes. As expected, no ␤-lactamase bands were found for isolates with the S phenotype, and a band with a pI of 5.4 suggestive of a TEM-1 ␤-lactamase was detected in all isolates with TL and TI phenotypes. This pI 5.4 band was also observed in all but two isolates with the TH-IRT phenotype. One of them had a pI 7.4 band resembling an OXA-1 ␤-lactamase, and the other had a pI 7.6 band resembling an SHV-type ␤-lactamase. Four of six isolates with the CP phenotype showed a band with a pI of Ͼ8, suggesting an AmpC ␤-lactamase, whereas in the remaining two isolates, only the pI 5.4 band was detected. For the putative ES␤L isolate, a band with a pI of between 7.8 and 8.0 was observed.
A ␤-lactamase specific activity was determined for five isolates each of the TL, TI, and TH-IRT phenotypes. The range and mean values, respectively, for these phenotypes were as follows: TL, 9.5 to 26.2 and 14.9 mU/mg; TI, 41.9 to 57.4 and 50.8 mU/mg; and TH, 58.5 to 543.8 and 215.4 mU/mg.
DISCUSSION
As in other members of the family Enterobacteriaceae, resistance to ␤-lactam antibiotics in E. coli is mainly due to the production of ␤-lactamases (9, 11) . Nevertheless, other mechanisms affecting the activity of these antibiotics have been found. Porin-deficient mutants have been described either alone or in association with ␤-lactamase production (24, 28) . They confer resistance to narrow-spectrum cephalosporins as well as cephamycins. This resistance phenotype is usually associated with resistance to other non-␤-lactam antibiotics. Modifications in penicillin binding proteins have also been described to affect ␤-lactam activities (17) , although this mechanism remains uncommon. Chromosomal AmpC ␤-lactamase hyperproduction is found in 2 to 3% of all E. coli isolates (18, 22, 28) . Phenotypically, it is recognized by resistance to aminopenicillins, ␤-lactam-␤-lactamase inhibitor combinations, narrow-spectrum cephalosporins, and cephamycins, as well as, to a lesser extent, resistance to carboxy-and ureidopenicillins and extended-spectrum cephalosporins (11) . Plasmid-mediated ␤-lactamases account for more than 90% of aminopenicillin-resistant E. coli isolates and even 60% of all E. coli isolates in many hospitals (26, 27, 37) .
Resistance to ␤-lactam inhibitor combinations may be caused by AmpC hyperproduction as described above, this phenotype being easy to recognize by its particular resistance mechanism. More difficult to recognize is the ␤-lactam-␤-lactamase inhibitor combination resistance due to plasmid-mediated ␤-lactamases, which could represent a threat to therapeutic success. TEM-1 hyperproduction (14, 31, 39, 40) and its inhibitor-resistant variant (IRT enzymes) (31, 40) are the main factors responsible for such resistance. Moreover, ␤-lactamase inhibitor combination resistance might be due to the presence of other plasmid-mediated enzymes, i.e., of the OXA type (40) , that may be represented in our series by the strain producing a ␤-lactamase with a pI of 7.4. The TEM-1 ␤-lactamase production level depends upon the number of plasmid copies, number of gene copies per plasmid, and promoter efficiency (10, 24) . Various investigators have already pointed out the correlation between the level of resistance to inhibitor combinations and the amount of enzyme produced (35) . This correlation was also observed in our study, because the TI, TL, and TH-IRT phenotypes, defined according the ␤-lactam-␤-lactamase inhibitor combination resistance level, were shown to be dependent on the amount of enzyme produced as well. The level of ␤-lactamase production affects susceptibility to amoxicillin-clavulanate as well as ampicillin-sulbactam, although to a lesser extent, with organisms remaining susceptible to the first combination when small and moderate amounts of enzyme are produced.
Clavulanate has been previously described to be a better inhibitor of broad-spectrum plasmid-mediated ␤-lactamases than sulbactam (20, 21) . This can certainly be elucidated from our results as well. Note that only 9, 9, and 12 isolates of the 52 isolates resistant to ampicillin-sulbactam by agar dilution were resistant to amoxicillin-clavulanate by disk diffusion, PASCO microdilution, and agar dilution at a fixed inhibitor ratio, respectively. In general, distributions of the MICs of both ␤-lactam-␤-lactamase inhibitor combinations were similar, but were 1 to 2 dilutions higher for ampicillin-sulbactam (Fig. 1) . The TL and TI phenotypes were essentially susceptible to amoxicillin-clavulanate, whereas TH-IRT was intermediate or resistant. For ampicillin-sulbactam, even the TL phenotype was not fully susceptible. With the NCCLS criteria, discrepancies between both combinations were noted in our series, and thus ampicillin-sulbactam is a bad predictor for amoxicillinclavulanate susceptibility; therefore, both antibiotics or, specifically, the one that is intended to be used as a therapeutic option must be tested.
Susceptibility testing of ␤-lactam-␤-lactamase inhibitor combinations at a fixed ratio or at a fixed concentration is still controversial (6, 22, 33) . The peak clavulanate concentration in serum after oral administration is not much higher than 2 g/ml, whereas the concentration of sulbactam in serum reaches 16 g/ml (5, 32). If breakpoints and criteria established by French and Spanish committees for the antibiogram (2, 4) are used, the results are dramatically different for amoxicillinclavulanate. Overall, nonsusceptibility (intermediate plus resistant) increases up to 62%, thus showing that 2 g of clavulanate per ml is not enough to restore amoxicillin susceptibility on many occasions. By using either the Spanish or French criteria (8-g/ml sulbactam fixed concentration), ampicillinsulbactam resistance remains at about the same level as with NCCLS criteria, but this is not surprising, because both breakpoints are quite similar (8/8 versus 8/4 g/ml, respectively). Clinical data support the susceptibility 8-and 4-g/ml breakpoint for amoxicillin-clavulanate, although the concentration of 4 g of clavulanate per ml is hardly attainable in serum (32) . Moreover, a dynamic interaction of ␤-lactamase inhibitors with newly synthesized enzyme is expected to occur. Multiple doses over a 24-h period are administered to patients, whereas a single inhibitor concentration is used for susceptibility testing. This rationale may justify an initial inhibitor concentration in susceptibility testing higher than that reached in serum.
Some investigators have suggested the possibility of using amoxicillin with 4 g of clavulanate per ml (32, 33) , keeping 8/4 g/ml as the breakpoints for susceptibility. This approach could displace the intermediate isolates to a slightly higher MIC and help separate truly susceptible isolates from intermediate-resistant isolates (Fig. 1d) . Such criteria could be a reasonable alternative to the 2:1 ratio combination. In the present study, we found similar results with the susceptibility frequencies of the 2:1 ratio and 4-g/ml concentration of clavulanate being quite similar. Intermediate and resistant frequencies were lower and higher, respectively, with 4 g of clavulanate per ml than the corresponding values for the 2:1 ratio (Table 1 ). This finding is consistently observed with the analysis of MIC 50 s and MIC 90 s ( Table 2) .
For ampicillin-sulbactam, based on the attainable concentration in serum and the discrepancies from disk diffusion results, a 1:1 fixed ampicillin-sulbactam ratio or even a 16-g/ml fixed sulbactam concentration (breakpoints of 8/8 and 8/16 g/ml, respectively) could be considered, as some investigators have pointed out (32) . This change would reduce the discrepancies from the disk diffusion method and the amoxicillin-clavulanate results; moreover, it probably would correlate with the difference in levels reached by both antibiotics in serum.
In conclusion, discrepancies found between amoxicillinclavulanate and ampicillin-sulbactam resistance levels are high in E. coli, at least when the NCCLS breakpoint criteria are used. The susceptibility of the former is difficult to predict when the susceptibility results from the latter are used. These discrepancies seem to be related in part to the amount of enzyme produced and therefore could be useful to phenotypically detect ␤-lactamase hyperproduction. Four micrograms of clavulanate per milliliter could be a reasonable alternative to the 2:1 fixed ratio, because most high-level ␤-lactamase-hyperproducing isolates would be categorized as nonsusceptible and low-and moderate-level ␤-lactamase-producing isolates would be categorized as nonresistant. This approach cannot be applied to sulbactam, either with a fixed 2:1 ratio or with an 8-g/ml fixed concentration, because many low-level ␤-lactamase-producing isolates would be classified in the resistant category. These findings call for a review of breakpoints for ␤-lactam-␤-lactamase inhibitor combinations.
